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Abstract 
An open question regarding the changes of energy distribution between Photosystems (PS) I and II following protein phosphorylation 
and thylakoid estacking is whether or not excitation energy redirected from PS II antenna is effectively trapped by PS I reaction centers. 
In this report, we measured the effects in spinach thylakoids of Mg2+-depletion a d of phosphorylation at 5 and I mM MgC12 on: (1) the 
effective absorption cross-sections (o-) of both PS II and PSI determined simultaneously from single-turnover flash saturation curves of 
Chl a fluorescence and of the absorbance hange at 820 nm, respectively; (2) the absolute changes in 77 K fluorescence yields emitted by 
PS II and PS I; and (3) the quenching of room temperature Chl a fluorescence. In all experiments, we observed complementary changes 
between O'ps i and O-ps n, °ps i consistently increasing at the expense of O-ps ii. ATP-induced ecreases of O'r, su were 6.9% and 11.2% 
at 5 and 1 mM MgCI 2, respectively, whereas ~rps I increased by 12% and 18.6% under these conditions. In absence of Mg 2÷, O-ps n and 
°psi  changed respectively by -26.2% and +38.9% relative to thylakoids resuspended in presence of 5 mM MgCI 2. These relative 
increases of ~rps I are larger than the relative decreases of O'ps it by a factor of 1.5-1.7, probably due to the stoichiometry between PS II 
and PS I complexes typically found in sun-adapted spinach leaves. Also, we observed that the increases of O-es i correspond closely to the 
increases of 77 K fluorescence yields emitted at 735 nm by PS I. However, no clear relationship could be detected between the changes of 
°PS 11 and the quenching of both room temperature and 77 K PS II fluorescence. The reasons for such discrepancy are discussed. 
Keywords: Antenna size; Photosynthetic unit; Pump-probe fluorescence method; State transition 
1. Introduction 
Trapping of absorbed light energy by the PS I  and PS II 
complexes induces a transport of electrons through the 
thylakoid membranes of chloroplasts that provides the free 
energy required for the production of ATP and NADPH. 
Depending on prevailing environmental conditions and 
metabolic needs, some regulatory mechanisms contribute 
on different time scales to maximize the efficiency of 
photosynthetic energy conversion [ 1 ]. One of these mecha- 
Abbreviations: F685, F735:77 K Chl a fluorescence mitted at 685 
nm and 735 nm, respectively; Fm, maximum yield of Chl a fluorescence 
when the PS II reaction centers are closed; F o, minimum yield of Chl a 
fluorescence when the PS II reaction centers are open; F v, F m - Fo; O-ps 
n and O-ps 1: effective absorption cross - section of PS II and PS 1. 
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nisms, the so-called state transitions, affects within min- 
utes the distribution of excitation energy between the two 
photosystems and helps to maintain an equilibrium be- 
tween their activities [2-4]. 
The key reaction leading to a redistribution of energy 
between PS II and PS I during state transitions is the 
phosphorylation of LHCII by a redox-controlled kinase 
activated under conditions known as state 2 [5]. In this 
state, the reduction rate of the plastoquinone pool by PS II 
exceeds its oxidation rate by PS I  [6,7]. A fraction of 
phosphorylated LHCII reversibly dissociates from PS II 
and migrates toward non-appressed membranes nriched in 
PS I  [7-9]. It is generally admitted that phosphorylation f 
LHCII causes a decrease of PS II cross-section, as judged 
from the similar decreases observed under in vivo condi- 
tions of the Chl a fluorescence parameters F o and F v and 
the decrease of 77 K fluorescence peaks at 685 and 695 
nm emitted by PS II [5,6]. Reciprocal increases of 77 K 
fluorescence peak at 735 nm emitted by PS I  indicate that 
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the excitation energy lost by PS II is redirected toward PS 
I [10,11]. However, the efficiency to which redirected PS 
II excitation energy is trapped by PS I reaction centers is 
still a matter of debate (see [5,12] for reviews). Comple- 
mentary changes of PS II and PS I  cross-sections during 
state transitions under both in vivo and in vitro conditions 
have been deduced from modulated fluorescence and 
photoacoustic experiments [13-15] and from the analysis 
of picosecond fluorescence decay components [16]. Small 
increases (12-15%) of the PS I cross-section were ob- 
served from light saturation curves of the extent of P700 
photooxidation i duced by single-turnover flashes [17,18] 
and from steady state P700 photooxidation rate measured 
under limiting irradiance [8]. On the other hand, no changes 
of the kinetics of Cyt f photooxidation [19] and P700 
photooxidation [20] were found after LHCII phosphoryla- 
tion. In membrane preparations containing only PS I  com- 
plexes and LHCII, it was reported that phosphorylation of
LHCII actually decreased energy transfer from LHCII to 
LHCI as seen by 77 K fluorescence excitation spectra nd 
from an inhibition of PSI  electron transport at sub-saturat- 
ing light intensities [21]. 
Recently, Georgakopoulos and Argyroudi-Akoyunoglou 
[9] have observed that 'stroma lamellar' fractions isolated 
from phosphorylated pea thylakoids were enriched in 
LHCII but displayed a lowered 77 K F730/F685 fluores- 
cence ratio. This indicates that the pool of LHCII found in 
these fractions after phosphorylation is not or poorly con- 
nected to PS I. In fact, these authors demonstrated that the 
enrichment of LHCII in the 'stroma lamellar' fractions 
isolated from phosphorylated thylakoid membranes results 
from a contamination by destacked peripheral regions of 
grana membranes. Therefore, it appears that phospho- 
rylated LHCII do not migrate from granal to stromal 
membranes but rather toward the destacked outer regions 
of grana lamellae where they could interact with PS I 
complexes. Different extents of destacking could result in 
different degrees of interaction between phosphorylated 
LHCII and PS I in the grana margins, and therefore 
different alterations of the absorption cross-sections [9]. 
The extent of destacking of grana lamellae induced by 
LHCII phosphorylation is strongly dependent on the cation 
concentration i the assay medium [2,22]. At high cation 
concentrations, quenching of Chl a fluorescence resulting 
from LCHII phosphorylation does not affect the F,/F,, 
ratio [23,24]. Such effects indicate that changes in the 
absorption cross-section are achieved by an alteration in 
the number of antenna complexes associated with PS II. At 
sub-saturating cation concentrations, preferential quench- 
ing of F v after LHCII phosphorylation is consistent with 
the presence of direct energy transfer from PS II to PSI  by 
spill-over [23,24]. However, it is important o note that 
other factors may contribute to changes of Fo and F~ 
during state transitions or Mg2+-depletion and therefore 
complicate at least the quantitative interpretation of fluo- 
rescence quenching. Indeed, overestimation f the Fo level 
can result from the partial uncoupling between LHCII and 
PS II reaction center as observed at sub-saturating cation 
concentrations [25] and from the possible presence of 
uncoupled phosphorylated LHCII. 
In this report, we measured in spinach thylakoids the 
effects of phosphorylation a d thylakoid destacking on the 
effective absorption cross-sections of both PS II and PS I, 
which were determined simultaneously from the light satu- 
ration curves of the yield of Chl a fluorescence and from 
the extent of the absorbance change at 820 nm induced by 
single turnover flashes of various energies. We also 
recorded the absolute changes in 77 K fluorescence yields 
emitted by PS II and PS I as well as the quenching of 
room temperature Chl a fluorescence induced by phospho- 
rylation and thylakoid estacking. This allowed us to relate 
quantitatively the changes of the fluorescence yield to the 
changes in PS II and PS I  effective absorption cross-sec- 
tions. Our results demonstrated that Mg2+-depletion and 
phosphorylation f thylakoid proteins result in complemen- 
tary changes of PS II and PS I effective absorption cross- 
sections indicating that redirected excitation energy from 
PS II was effectively trapped by PS I reaction centers 
under our experimental conditions. 
2. Materials and methods 
Thylakoids were isolated from fresh market spinach as 
described in [26] except that the resuspension medium 
consisted of 330 mM sorbitol, 30 mM Tricine/NaOH (pH 
8.2), 10 mM KCI and 0, 1 or 5 mM MgC12 depending on 
experimental conditions. Chl a + b concentration was 
measured as in [27]. 
Phosphorylated and non-phosphorylated thylakoid 
membranes were incubated for 30 min in the dark at a Chl 
a + b concentration of 30 /xM in presence of 5 mM Na 
dithionite, 10 mM NaF and in presence or absence respec- 
tively of 0.15 mM ATP. After that period, thylakoids were 
centrifuged and resuspended at a Chl a + b of 10 /zM in 
the same resuspension medium without ATP and Na 
dithionite. 
PS II and PS I  absorption cross-sections were deter- 
mined respectively by flash saturation curves of Chl a 
fluorescence yield and of P700 photo-oxidation assayed by 
the extent of absorbance increase at 820 nm (Samson, 
unpublished results). The wavelength of the actinic laser 
pulses (250 ns duration), generated by a Phase-R DL-32 
flash lamp pumped dye laser, was 650 nm. A small 
fraction of the actinic flash was directed toward a light 
pulse energy meter (Molectron) so that the energy of each 
laser pulse could be measured. 16 AAs2 o, fluorescence 
yield and flash energy signals were averaged simultane- 
ously at a flash frequency of 0.17 Hz. Data were fit with 
the cumulative Poisson single hit probability distribution 
[12]: 
~(1)=~max( I - -e  - ' '~)  (1) 
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where I is the pulse energy (photons/,~2), q~(1) is the 
yield of the photoproduct monitored, @max is the maximal 
yield determined at saturating flash intensities, o- is the 
effective absorption cross-section (,&2). For all determina- 
tions of (7 values, 2 /xM CCCP was added to the samples 
just before measurements. It has been shown that CCCP 
increases the yield of Chl a fluorescence from a single- 
turnover flash and decreases the extent of AA820 measured 
between 12 and 25 /zs (Samson and Bruce, unpublished 
results). These effects were related to the diminution of 
P6~0 concentration i the microsecond time range owing to 
the acceleration by CCCP of the reduction of oxidizing 
equivalents on the PS II donor side [28]. 
The absolute changes in the 77 K Chl a fluorescence 
yield emitted by PS II and PS I  were recorded in a 
home-built spectrofluorometer described in [29]. Samples 
at a Chl a + b concentration of 10/ ,M were transferred to 
5 mm diameter glass NMR sample tubes and quickly 
frozen in liquid N 2. The absolute yield of fluorescence for 
each tube was determined from the average of 8 spectra 
taken after rotation of the tube by 45 ° . The excitation 
wavelength was 435 nm. 
3. Results 
3.1. Effects of phosphorylation 
Dark incubation of spinach thylakoids under reducing 
conditions in presence of ATP results in the phosphoryla- 
tion of several polypeptides, namely LHCII [22,30]. 
Changes of Chl a fluorescence yields resulting from such 
phosphorylation treatments done in presence of 1 and 5 
mM MgC! 2 are presented in Table 1. Our experimental 
conditions rule out any artifacts caused by illumination 
such as fluorescence quenching related to photoinhibition. 
Room-temperature measurements showed that, although 
the Fo level was quenched to a similar extent (~ 10-12%) 
at both MgCI 2 concentrations, the Fv/F m ratio decreased 
Table 1 
ATP-induced changes of Chl a fluorescence parameters in spinach 
thylakoids resuspended in presence of 1 and 5 mM MgCI 2 
F o Fv /F  m F685 (77 K) F735 (77 K) 
5 mM Mg 2+ 
- ATP 2.11(0.06) 0.700(0.022) 67.5(9.8) 68.6(6.7) 
+ATP 1.85(0.14) 0,688(0.021) 61.0(9.8) 77.6(5.7) 
J -- 12.3% - 1.71% -9 .6% + 13.1% 
1 mM Mg 2+ 
- ATP 2.27(0.08) 0.625(0.042) 54.8(6.3) 82.9(6.0) 
+ ATP 2.04(0.09) 0.494(0.017) 39.5(6.4) 100(-) 
A - 10.1% -21.0% -27 .9% +20.6% 
Parameters measured as described in Materials and methods. The results 
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Fig. 1. Flash saturation curves of (A) the variable Chl a fluorescence F v 
normalized to the F o level and of (B) the relative extent of absorbance 
change at 820 nm (AAs20) measured from phosphorylated (closed sym- 
bols) and non-phosphorylated (open symbols) spinach thylakoids resus- 
pended in the presence of 1 mM Mg 2+. The curves represent the fit of 
the experimental data to Eq. (1). 
by only 1.7% at 5 mM MgC12, whereas it decreased by 
21% at 1 mM MgC12. Fluorescence mission spectra 
recorded at 77 K exhibited opposite changes of the fluores- 
cence yields emitted at 685 nm by PS II antenna and at 
735 nm by PS I  antenna. These changes, especially the 
quenching of F685, were larger at 1 mM than at 5 mM 
MgC12. Similar effects of phosphorylation treatments on 
fluorescence yields were previously reported and inter- 
preted as a redistribution of excitation energy from PS II 
toward PS I. At 5 mM MgCI2, the results are consistent 
with the view of a pool of outer LHCII that dissociates 
from PS II complexes and migrates until it interacts with 
LHCI in non-appressed membranes. At 1 mM MgCI2, the 
larger changes of Chl a fluorescence yields and the prefer- 
ential quenching of F v over F o suggest that spill-over also 
contributes to energy transfer from PS II to PS I  com- 
plexes (see [2,3] for reviews). However, those changes in 
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Table 2 
Effective optical cross-sections of PS II and PS I (O'ps [I and Ops i ) 
estimated from single turnover flash saturation curves of variable fluores- 
cence yield and AAs2 o in spinach thylakoids resuspended in presence of 
1 and 5 mM MgCI 2 
5 mM MgCl 2 1 mM MgC12 
O.PSll (~k2) O.ps I (~k2) O.PSII (~k2) O.ps I (~2) 
- ATP 53.4 (6.3) 74.9 (10.9) 52.8 (5.9) 78.3 (1.7) 
+ ATP 49.7 (1.6) 83.9 (0.5) 46.9 (5.8) 92.8 (8.2) 
A -6 .9% +12.0% -11.2% +18.6% 
fluorescence yields do not indicate to what extent redi- 
rected PS II energy is effectively trapped by the PS I  
reaction centers [21 ]. 
A more direct measurement of the effects of phospho- 
rylation on energy distribution is the determination of 
effective absorption cross-sections tr for PS I  and PS II 
from the light saturation curves of P700 photo-oxidation 
and QA reduction respectively. Fig. 1 presents the extents 
of AAs2 o and Chl a fluorescence yield as a function of 
photon density of single turnover flash measured simulta- 
neously from phospborylated and non-phosphorylated 
spinach thylakoids (Fig. 1). All curves fit closely the 
cumulative single-hit Poisson distribution (Eq. (1)). In 
thylakoids resuspended in the presence of 5 mM MgC12, 
the phosphorylation treatment resulted in a decrease of 
6.9% of the Crps I value, whereas Crps ii increased by 12%. 
At l mM MgC1 z, the changes in the effective absorption 
cross-sections were larger than at 5 mM MgC12 probably 
due to the presence of spill-over trps l~ decreasing by 
11.2% and O-ps x increasing by 18.6%. The results are 
summarized in Table 2. 
3.2. Effects of Mg 2 +-depletion 
Screening of negative charges at the surface of thyl- 
akoid membranes by cations is required to maintain the 
stacking of the granal membranes and the lateral segrega- 
tion between PS II and PS I [31]. It is generally accepted 
that that the homogeneous distribution of the Chl protein 
complexes in thylakoid membranes resuspended at low 
cation concentration allows spill-over of excitons from PS 
II to PS I  antennas [2,31,32]. Chl a fluorescence parame- 
ters and effective absorption cross-sections measured in 
thylakoid membranes resuspended in absence and presence 
of 5 mM MgC12 are presented in Table 3. Mg2+-depletion 
has opposite ffects on effective absorption cross-sections 
of PS II and PS I, typs ~ increasing (+38.7%) at the 
expense of trps n ( -26.2%).  These changes are closely 
correlated to the increase of the 77 K F735 (+ 39.7%) and 
the decrease of Fv/F m ratio ( -31.9%).  Larger decreases 
(~-43%)  of F m and 77 K F685 were observed, as 
expected from an increased rate of energy transfer from PS 
II to PS I antennas by spill-over [2]. In the absence of 
Mg ~+, we measured only a slight decrease of F o ( - 1.9%), 
which is inconsistent with the observed change of ~rps l[- 
In fact, the expected Fo quenching was counteracted under 
our conditions by a significant increase of F o level ob- 
served at sub-saturating (maximum at 0.5 mM) MgCI 2 
concentrations (results not shown). Similar enhancements 
of F o upon lowering cation concentrations were previously 
observed and attributed to a partial uncoupling of LHCII 
from the PS II reaction center [25,32]. Further cation 
depletion led to a F o quenching by spill-over to a F o level 
similar to the level observed at saturating cation concentra- 
tions. 
4. Discussion 
Distribution of excitation energy between PS I and PS 
II is largely influenced by the stacking of the PS-II-en- 
riched granal membranes that allows lateral segregation 
between the two photosystems [7]. The formation of grana 
depends on the presence of LHCII that promotes adhesion 
between thylakoid membranes and on the presence of 
cations which neutralizes the repulsive forces of the nega- 
tive charges at the membrane surface [33]. Increase of 
negative charge density at the level of LHCII after phos- 
phorylation induces its dissociation from PS II complexes 
and causes partial destacking at the periphery of the grana 
[9]. The extent of this destacking is highly dependent on 
the cation concentration i  the surrounding medium. At 
saturating cation concentration (e.g., 5 mM Mg 2+), phos- 
phorylated LHCII uncoupled from PS II would migrate 
toward the non-appressed periphery of the grana and trans- 
fer energy to PS I  whereas at sub-saturating concentrations 
(e.g., 1 mM Mg2+), more pronounced estacking would 
also allow energy spill-over directly from PS II to PS I 
complexes (see [2]). Our measurements of AYP-induced 
Chl a fluorescence quenching characterized by a decrease 
Table 3 
Chl a fluorescence parameters and effective optical cross-sections of PS II and PS 1 (O-r, s u and trps l) measured in spinach thylakoids resuspended in the 
absence and presence (5 mM) of MgCI 2 estimated from light-saturation curves of variable fluorescence yield and AA820 induced from single turnover 
flashes 
[Mg 2+ ] F o Fv/F,, F685 (77 K) F735 (77 K) typs u (,~2) tres I (~2) 
5 mM 2.11 (0.06) 0.700 (0.022) 72.9 (4.1) 71.6 (3.7) 53.4 (6.3) 74.9 (10.9) 
0 mM 2.07 (0.12) 0.477 (0.041) 40.6 (2.2) 100 (4.3) 39.4 (3.8) 104 (4.5) 
A -- 1.9% -- 31.9% -- 44.3% + 39.7% -- 26.2% + 38.7% 
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of the Fv/F  m ratio at 1 mM but not at 5 mM MgCI 2, as 
well as the complementary changes of 77 K Chl a fluores- 
cence yields emitted by PS I  and PS II (Table 1), are in 
agreement with this view. 
The ATP-induced changes of Chl a fluorescence yields 
do not solve the persistent problem regarding the extent of 
redirected PS II energy being effectively trapped by the PS 
I reaction centers [5,12]. Our simultaneous determinations 
of effective absorption cross-sections of PS I  and PS II in 
phosphorylated thylakoids have demonstrated unambigu- 
ously that complementary changes occur between O-ps 
and O'es n, where O'ps i increases at the expense of O'ps |1 
(Table 2). At 5 mM MgC12, the ATP-induced changes of 
o" were small, especially for O-ps n (-6.9%),  but consis- 
tent with previous reports. Falkowski and Fujita [34] found 
no statistical difference (with 10% variance) in the PS II 
cross-section from flash energy saturation curves of 0 2 
production and Chl a fluorescence of in vivo Chlorella 
pyrenoidosa cells adapted in state II compared to state I. 
From measurements of P700 photooxidation i duced by 
single turnover flashes of different intensities, Telfer et al. 
[17] also found a 12% increase of Crps I after phosphoryla- 
tion treatment. Increases of the PSI  antenna size following 
phosphorylation were also indicated by the enhancements 
of steady-state PS I electron transport rates measured at 
limiting light intensities (reviewed in [5]). Most of the 
controversy regarding the effects of phosphorylation PS 
I antenna size comes from the absence of significant 
increases in the kinetics of P700 and Cyt f photooxidation 
under continuous illumination in phosphorylated thyl- 
akoids [19,20,35]. Under these conditions, the net photo- 
oxidation rate was measured since both photooxidation a d 
re-reduction of P700 and Cyt f occur simultaneously. For 
valuable estimation of PS I  absorption cross-section from 
photooxidation kinetics, the re-reduction rate needs to be 
taken into account [36]. The use of P700 photooxidation 
induced by single turnover flashes as in [17] and this study 
circumvents his problem. 
The larger ATP-induced changes of absorption cross- 
sections observed at 1 mM relative to 5 mM MgCI 2 (Table 
2), accompanied by a preferential quenching of F v over 
F o, is consistent with the presence of spill-over contribut- 
ing to energy redistribution after LHCII phosphorylation at 
sub-saturating cation concentrations [23,24]. Clearly, effec- 
tive energy spill-over from PS II to PSI  complexes occurs 
after Mg2+-depletion where O-ps ~ increases at the expense 
of O'es n (Table 3). The observation that both flash 
saturation curves of zlAs20 and Chl a fluorescence in 
Mg2+-depleted thylakoids fit closely the cumulative single 
hit Poisson distribution characteristic of a homogeneous 
population (Fig. 2) suggests that all the active photo- 
synthetic units are affected to a similar extent by spill-over. 
Using different methods, Jennings [32] made similar con- 
clusions. If spill-over involves virtually all LHCII-PS II 
complexes then the rate of exciton transfer from PS II to 
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Fig. 2. Flash saturation curves of the variable Chl a fluorescence F, 
normalized to the F o level (circles) and of the relative extent of ab- 
sorbance change at 820 nm (dAB2 o) (squares) in spinach thylakoids 
resuspended in the absence of Mg 2+. The curves represent the fit of the 
experimental data to the Eq. (1). 
of exciton trapping by the PS II reaction center otherwise 
°PS 11 would approach zero. Indeed, ~rps n decreased by 
only 26% upon Mg2+-depletion. 
Our parallel measurements of the Chl a fluorescence 
yields with effective absorption cross-sections indicates 
that Crps ~ and 77 K F735 increased to the same extent after 
phosphorylation treatments at 1 and 5 mM MgCI 2 or 
following Mg2+-depletion (Tables 1-3). A close relation- 
ship was previously reported between the quenching of 
room temperature fluorescence emitted by PS I  core an- 
tenna complexes and the decrease of effective rate of P700 
photo-oxidation u der limiting light caused by the quench- 
ing of Chl excited states by 5-hydroxy naphtoquinone [37]. 
In contrast o O-ps l, we found that no Chl a fluorescence 
parameter could reflect consistently the observed changes 
of O-ps n. This is due to the presence of different mecha- 
nisms of energy transfer from PS II to PSI  (spill-over and 
mobile phosphorylated LHCII) which quench to different 
extents the constant and variable parts of Chl a fluores- 
cence [2,3]. Also, the relation between Crps , and Chl a 
fluorescence is complicated by the origin of fluorescence 
quenching: decrease of O-ps n would result from quench- 
ing of excitation energy in the PS II pigment whereas 
fluorescence quenching owing to reactions happening 
within the reaction center of PS II would not affect O-ps. 
estimation [ 12,35]. 
Efficient redistribution of excitation energy between PS 
II and PSI  should lead to complementary changes of O-ps Ii 
and O-ps ~. Interestingly, our results showed that the rela- 
tive increases of PS I  cross-sections induced by phospho- 
rylation at 5 and 1 mM Mg 2+ or due to MgZ+-depletion 
were always larger by a factor of about 1.6 (from 1.5 to 
1.7) compared to the relative decreases of PS II cross-sec- 
tions. These relative changes are consistent with the PS II 
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to PS I ratio typical ly found in sun-adapted species l ike 
spinach, barley, and tobacco [38]. This also strengthens our 
conc lus ion that under  our exper imental  condi t ions redi- 
rected energy f rom PS II antenna is eff ic iently used by the 
PS I  react ion centers. 
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